INTRODUCTION {#SEC1}
============

Trimethylated histone H3 lysine 27 (H3K27me3) is a mark of gene repression, whereas H3K4me3 is a mark of gene activation. These two marks representing opposite gene expression states co-localize at many differentiation-specific gene promoters in stem cells to form bivalent promoters in which they are located at different H3 tails in nucleosomes ([@B1],[@B2]). It has been widely accepted that bivalent promoters (1000--6000), including most promoters of the developmentally critical homeobox (*Hox) a--d* cluster genes, are in a poised (i.e. repressed but activatable) state of gene expression ([@B2]--[@B7]). Since its discovery, bivalency has been considered a key epigenetic signature associated with gene regulation in mouse and human embryonic stem cells (ESCs), hematopoietic stem cells, epithelial mesenchymal transition and developing embryos ([@B2]--[@B5],[@B8]--[@B11]).

During cellular differentiation, 14--32% of bivalent promoters are resolved to transcriptionally active H3K4me3-prevalent monovalent states ([@B4]--[@B5],[@B12]), although some bivalent domains are newly formed ([@B12]). Notably, the bivalent promoters of many critical differentiation-specific genes, including most *Hoxa--d* cluster genes, are repressed in mouse ESCs but resolved and activated during cellular differentiation ([@B2]--[@B5]). Therefore, bivalency resolution is believed to be important to cellular differentiation ([@B10]).

The establishment of bivalency has been well studied. The H3K4 methyltransferase mixed-lineage leukemia 2 (MLL2; also known as KMT2B) is required for the establishment of H3K4me3 in bivalent domains ([@B13]), and the H3K4 methyltransferase MLL1 plays a redundant role in depositing H3K4me3 to generate bivalent domains ([@B14]). In addition, two other H3K4 methyltransferases, SET1A and SET1B, and the H3K27 methyltransferase complex PRC2 are associated with the generation of bivalency ([@B10]). However, little is known about which histone methylation modifier is responsible for the resolution of bivalent domains into active monovalent states ([@B10]).

Bivalency resolution requires H3K27me3 demethylation that is catalyzed by a H3K27 demethylase. We previously showed that the H3K27 demethylase UTX (ubiquitously transcribed tetratricopeptide repeat, X chromosome; also called KDM6A) may mediate the RA-induced activation of the *HOXA1--3* and *HOXB1--3* genes during RA-driven differentiation of human NT2/D1 embryonal carcinoma cells ([@B15]). In addition, UTX has been shown to be essential for several developmental and biological processes, including embryogenesis ([@B16]), cardiac development ([@B17]), muscular development ([@B18]) and animal aging ([@B19]). For these reasons, we tested whether UTX plays an important role in bivalency resolution during cellular differentiation. Specifically, we assessed the effect of UTX loss or UTX knockdown on bivalency resolution during RA-driven cellular differentiation. Our results provide evidence that UTX is a bivalency-resolving modifier necessary for RA-driven cellular differentiation.

MATERIALS AND METHODS {#SEC2}
=====================

Antibodies {#SEC2-1}
----------

Anti-UTX antibodies were obtained as described previously ([@B15]). Anti-H3K4me3 (17--614) and anti-H3K27me3 (07--449) antibodies were from Millipore; anti-H3 (ab1971) antibodies were from Abcam; and anti--β-actin (A5441) antibodies were from Sigma-Aldrich.

Mouse ESC culture {#SEC2-2}
-----------------

Wild type (WT) and *Utx*-null mouse V6.5 ESCs were maintained with or without irradiated feeder cell layers (less than passage 5) in complete knockout Dulbecco\'s modified Eagle\'s medium (Life Technologies) containing 4.5 mg/ml glucose, 20% ESC-grade fetal bovine serum (Life Technologies), 2 mM L-glutamine, 50 μg/ml penicillin and 50 μg/ml streptomycin (Life Technologies), 0.1 mM β-mercaptoethanol, 0.1 mM minimum essential medium with nonessential amino acids, and 1000 U/ml leukemia inhibitory factor (LIF). Glutamine was freshly added and the medium replaced daily. ESCs were trypsinized, transferred onto 10 cm petri dishes and cultured in ESC media without LIF for 5 days to induce embryoid bodies (EBs). EBs were transferred onto gelatin-coated tissue culture dishes, cultured in ESC media without LIF and treated with the indicated RA concentrations for 5 days to induce cellular differentiation. Cells were incubated at 37ºC in a 5% CO~2~ atmosphere with 95% relative humidity.

NT2/D1 cell differentiation and shRNA knockdown {#SEC2-3}
-----------------------------------------------

The NT2/D1 embryonic carcinoma cell line was maintained in Dulbecco\'s modified Eagle\'s medium supplemented with 10% fetal bovine serum. Cells were treated with 10 μM all trans-RA to induce cellular differentiation. UTX knockdown was performed using small hairpin RNAs (shRNAs) against human *UTX*. Two different shRNAs cloned into a pLKO.1 vector were used: shUTX-4 (GCATGAACACAGTTCAACTAT) and shUTX-6 (AAGACCACTCAGATAGTGAAT). A lentivirus-mediated infection method was used to deliver shUTX-4, shUTX-6, or control shRNA (shLuciferase, shLuc) to the cells as described previously ([@B20]).

RNA isolation and quantitative reverse transcription polymerase chain reaction {#SEC2-4}
------------------------------------------------------------------------------

Total RNA was isolated using RNeasy kits (Qiagen) according to the manufacturer\'s instructions. cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer\'s instructions. Quantitative reverse transcription polymerase chain reaction (RT-PCR) was performed in triplicate using SYBR-green and gene-specific primers (Supplementary Table S1). Messenger RNA levels were quantified using the CFX Manager software program (Bio-Rad) and normalized to β-actin mRNA levels.

Microarray experiments and gene ontology analysis {#SEC2-5}
-------------------------------------------------

The RNeasy Mini Kit (Qiagen) was used to extract RNA from mouse ESCs. The RNA samples were subjected to Illumina\'s Direct Hybridization whole-genome expression assay. Labeled complementary RNAs were detected using the Bead Chip and scanned on the iScan or Bead Array Reader. The Illumina MouseWG-6 v2.0 Expression BeadChip was used to analyze mRNA expressions. We used the Web-based Database for Annotation, Visualization and Integrated Discovery (DAVID) program ([@B21]) to analyze all bivalent gene sets that were upregulated upon RA treatment (≥1.5-fold change) in the microarray. Function enrichment analysis for each gene set was carried out at the DAVID Web site (<http://david.abcc.ncifcrf.gov>) as described previously ([@B22]). For gene ontology analysis, *Q*-values (Benjamini) for gene groups were determined using DAVID software program. *Q* \< 0.05 indicates statistically significant changes.

Chromatin immunoprecipitation {#SEC2-6}
-----------------------------

Chromatin immunoprecipitation (ChIP) assays were performed using the Millipore ChIP protocol with minor modifications as described previously ([@B20],[@B23]). Chromatin immunoprecipitates for proteins and methyl marks were amplified by quantitative PCR using gene-specific primers (Supplementary Table S1), normalized to input and calculated as relative change in normalized PCR values from day 0 to day 4 after RA treatment.

Chromatin template preparation, ChIP assays and ChIP-Seq library construction {#SEC2-7}
-----------------------------------------------------------------------------

Chromatin preparation, ChIP assays and ChIP-Seq library construction were performed using modified protocols of our own ([@B24],[@B25]) and a modified published protocol (<http://www.hudsonalpha.org/myers-lab/protocols>). Briefly, cells were grown to log phase and fixed with 1% formaldehyde for 10 min at room temperature. The fixed cells were sonicated directly or snap-frozen in liquid nitrogen and stored at −80°C until use. For sonication, the cells were first incubated in 0.5% Triton X-100 in 1× phosphate-buffered saline with 1× protease inhibitor (Roche Life Science) for 10 min on ice and then re-suspended in ice-cold Tris--ethylenediaminetetraacetic acid (TE) buffer, pH 8.0, with 1× protease inhibitor and fresh phenylmethylsulfonyl fluoride (in a final concentration of 0.5 mM) to a final concentration of 25 million cells/ml. Sonication was performed with a Sonic Dismembrator Model 550 (Fisher Scientific) in 22 cycles with intensity set at 4. Each sonication cycle consisted of a 30 s pulse sonication followed by a 1 min incubation in ice-cold water. The sonicated samples were centrifuged at 14,000 rpm at 4°C for 15 min to pellet insoluble material, and the soluble part (i.e. sheared chromatin) was used for ChIP assays or supplemented with 5% glycerol for storage at −80°C. Exactly 10% of the chromatin was used for the extraction of input DNA using phenol:chloroform:isoamyl alcohol.

For ChIP, 4 μg of antibodies, including anti-H3K4me3 or anti-H3K27me3 antibodies, was bound to protein A or protein G magnetic beads depending on the antibody origin. Freshly made or stored chromatin templates from about 20 million cells were added to the magnetic beads with the associated antibodies and incubated at 4°C overnight. The beads were then washed five times with LiCl wash buffer and one time with TE buffer, re-suspended in TE buffer containing 1% sodium dodecyl sulfate and 50 μg/ml proteinase K, and incubated at 65°C overnight. The precipitated DNA was extracted using phenol:chloroform:isoamyl alcohol. Both precipitated DNA and input DNA were re-suspended in 40 μl of re-suspension buffer from the Illumina kit. The ChIP-Seq libraries were constructed using the TruSeq DNA sample prep kit v2 (Illumina) according to the manufacturer\'s protocol, except that the gel purification of the products after adaptor ligation was performed with 2% E-gel agarose gel (Thermo Fisher Scientific). DNA fragments within a range of 200--500 bp were purified. Libraries were enriched with PCR for 18 cycles. The libraries were sequenced on the Illumina HiSeq 2500 platform with a single-read 54-cycle sequencing run.

Microarray data analysis {#SEC2-8}
------------------------

We downloaded 20,221 well-annotated mouse genes (genome version mm9) from <http://bejerano.stanford.edu/help/display/GREAT/Genes/>. Probes were mapped to the official gene symbols on the basis of annotation documentation provided by Illumina. The gene expression value was calculated as the mean of its associated probe values. The expression values of the whole gene set were normalized between samples based on the quantile normalization function in the R package Limma (<http://www.bioconductor.org/packages/release/bioc/html/limma.html>) as described previously ([@B26]).

ChIP-Seq data analysis {#SEC2-9}
----------------------

The Bowtie software program was used to map ChIP-Seq reads to the reference mouse mm9 genome as described previously ([@B27]). The Dregion function in DANPOS2 (<https://sites.google.com/site/danposdoc/>) was used to calculate reads densities and call peaks as described previously ([@B28]). The length of each read was extended to the nucleosome size (200 bp). The reads count for each sample was normalized to 10 million. ChIP-Seq peaks were defined using a Poisson test *P-*value of 1e-10. The Profile function in DANPOS2 was used to calculate the heatmap and average density plot values. The GEO accession number for ChIP-Seq data is GSE76692.

Statistical analysis {#SEC2-10}
--------------------

Each experiment was repeated at least three times. Data are presented as the mean ± standard error of the mean (SEM). Statistical significance was assessed using the two-tailed Student t-test. \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 indicate statistically significant differences. The Prism software program (GraphPad) was used for statistical analyses.

RESULTS {#SEC3}
=======

UTX loss inhibits RA-driven differentiation of mouse ESCs {#SEC3-1}
---------------------------------------------------------

To assess the role of UTX in the resolution of bivalent genes during mouse ESC differentiation, we employed WT V6.5 (*Utx*^+/y^) and *Utx*-null V6.5 (*Utx*^Δ/y^) mouse ESCs, both of which are pluripotent as described previously ([@B29]). We used RA to induce cellular differentiation because RA is frequently used to stimulate the neuronal lineage commitment of mouse ESCs ([@B30]--[@B33]). It was reported that UTX loss has no significant effect on morphological changes during differentiation induced with 1 μM RA ([@B17],[@B34]). However, physiological RA concentrations are 2--100 nM ([@B35],[@B36]). For example, mouse embryo has an RA concentration of about 25 nM ([@B37]). Therefore, although 1 μM RA has been often used for mouse ESC differentiation, 1 μM RA may be too high to assess the effect of UTX loss on mouse ESC differentiation. For this reason, we used three different RA concentrations (0.2 μM, 0.5 μM and 1 μM) to induce the differentiation of EBs derived from WT and *Utx*-null V6.5 mouse ESCs.

Our results showed that the degree of differentiation between WT and *Utx*-null V6.5 mouse ESCs at RA concentrations of 1 or 0.5 μM was not obviously different (Figure [1A](#F1){ref-type="fig"}), consistent with the previous reports ([@B16],[@B34]). However, at a RA concentration of 0.2 μM, UTX loss inhibited the RA-driven differentiation of mouse ESCs (Figure [1A](#F1){ref-type="fig"}). Importantly, such an inhibitory effect is in agreement with the complete embryonic lethality of *Utx*-deficient female mice and the high percentage of lethality of *Utx*-deficient male mice ([@B16]). Similar to our results, deficiency of the histone acetyltransferase MOZ, a physiological activator of *Hox* genes, interferes with RA-driven *Hox* gene expression in mouse ESCs at a low RA level (20 nM) but not high RA concentrations (0.5 μM and 1 μM) ([@B38]). Therefore, we chose 0.2 μM RA to differentiate mouse ESCs in all the subsequent experiments.

![UTX loss impedes RA-driven mouse ESC differentiation (**A**) Microscopy images of WT and *Utx*-null V6.5 mouse ESCs during RA-induced differentiation. WT or *Utx*-null cells were plated on petri dishes and cultured to form EBs by withdrawing LIF for 5 days. EBs were treated with all-trans RA (0.2 μM, 0.5 μM or 1 μM) to induce differentiation for 5 days. AP, alkaline phosphatase; Scale bar, 100 μm. (**B**) Quantitative RT-PCR analysis showed that UTX loss had no significant effect on the RA-induced reduction of *Nanog, Oct4* and *Sox2* mRNA levels. (**C**) Quantitative RT-PCR analysis showed that UTX loss had a negative effect on the RA-induced increases of *Notch1, Pax6* and *Pax3* mRNA levels. Data are presented as the mean ± SEM (error bars) of at least three independent experiments. \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 indicate statistically significant changes.](gkv1516fig1){#F1}

UTX loss in mouse ESCs did not affect RA-induced decreases in the expression of several major pluripotent genes (*Oct4, Nanog* and *Sox2*) but reduced the RA-driven activation of some ectoderm marker genes (e.g. *Notch1* and *Pax6*) (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}). UTX loss also decreased the RA-driven activation of the mesoderm marker gene *Pax3* with increased basal expression in RA-untreated *Utx*-null cells (Figure [1C](#F1){ref-type="fig"}). These results suggest that UTX promotes ectoderm and mesoderm lineage during RA-driven differentiation, consistent with previous reports ([@B34],[@B39]).

UTX is necessary for the RA-induced resolution and activation of many RA-inducible bivalent genes in mouse ESCs {#SEC3-2}
---------------------------------------------------------------------------------------------------------------

To assess the effect of UTX loss on bivalent gene expression in mouse ESCs at the genome-wide level, we first identified all bivalent genes using ChIP-Seq experiments. Most bivalent promoters identified using our ChIP-Seq data highly overlapped with those from other publicly available data set (Supplemental Figure S1) ([@B3]). Our genome-wide expression analysis demonstrated that in mouse WT ESCs, RA treatment significantly induced at least by 1.5-fold expression of 637 bivalent genes (hereafter referred to as 'RA-inducible bivalent genes'), including most *Hoxa-d* cluster genes (Figure [2A](#F2){ref-type="fig"}). This number of RA-inducible bivalent genes was close to 772 RA-inducible bivalent genes reported by Mohn *et al*. ([@B12]). Consistent with previous reports ([@B4]--[@B5],[@B12]), our gene ontology analysis showed that these genes were linked to several important biological processes, including body patterning, cellular differentiation and developmental processes (Figure [2A](#F2){ref-type="fig"}; Supplementary Table S2).

![UTX loss inhibits RA-mediated activation of many RA-inducible bivalent genes. (**A**) Gene ontology analysis of 637 RA-inducible bivalent genes using the program DAVID. RA-inducible bivalent genes were genes whose expression levels were at least 1.5-fold and significantly increased by RA treatment (i.e. WT \[RA\] / WT ≥ 1.5). The mRNA levels were measured using the expression microarray Mouse WG-6 v2 Expression Bead Chip. Statistical significance was determined by a *Q* value (\< 0.05). (**B**) Scatter plots of RA-induced fold changes (log~2~ scale) in gene expression in WT and *Utx*-null mouse ESCs. Each dot in plots represents an individual gene. Correlation coefficients were calculated in the log~2~ scale. (**C**) Gene ontology analysis of RA-inducible genes (316) that were significantly downregulated by UTX loss using the program DAVID. RA-inducible bivalent genes downregulated by UTX loss were genes whose RA-induced increases in gene expression were significantly reduced in *Utx*-null cells compared to WT cells (i.e. *Utx*-null \[RA\] / WT \[RA\] \< 1). Statistical significance was determined by a *Q* value (\< 0.05).](gkv1516fig2){#F2}

We then compared gene expression between WT and *Utx*-null V6.5 mouse ESCs. UTX loss caused more changes in the expression levels of RA-inducible bivalent genes than in those of non-bivalent genes or the rest of bivalent genes---the rest of bivalent genes denotes bivalent genes that are not RA-inducible bivalent genes (Figure [2B](#F2){ref-type="fig"}). In particular, UTX loss significantly decreased the expression levels of 316 RA-inducible genes. These genes, which include many *Hoxa-d* cluster genes, were also associated with body patterning, differentiation and developmental processes (Figure [2C](#F2){ref-type="fig"}; Supplementary Tables S3 and S4). These results indicate that UTX regulates a substantial number of RA-inducible bivalent genes but not the rest of bivalent genes or non-bivalent genes during RA-driven differentiation of mouse ESCs.

To assess the overall effect of UTX loss on the resolution of all RA-inducible bivalent genes, we compared the ChIP-Seq signals of H3K27me3 and H3K4me3 between WT and *Utx*-null V6.5 mouse ESCs treated with or without RA. In WT cells, RA treatment decreased average H3K27me3 levels and slightly increased average H3K4me3 levels in RA-inducible bivalent genes, but had negligible effects on average H3K27me3 and H3K4me3 levels in the rest of bivalent genes and non-bivalent genes (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). Interestingly, UTX loss impeded both RA-induced decreases of average H3K27me3 levels and RA-induced increases of average H3K4me3 levels in RA-inducible bivalent genes (Figure [3C](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}). The effects of UTX loss on the RA-induced changes of average H3K27me3 and H3K4me3 levels were similar between 637 RA-inducible bivalent genes and 316 UTX-loss-downregulated, RA-inducible bivalent genes, suggesting that UTX-mediated modification of bivalency occurs mainly in these 316 genes (Figure [3E](#F3){ref-type="fig"}). In the absence of RA, average H3K27me3 levels of both RA-inducible bivalent genes and the rest of bivalent genes were lower in *Utx*-null mouse ESCs than in WT V6.5 mouse ESCs (Supplementary Figure S2A and B). However, the overall expression levels of RA-inducible bivalent genes and the rest of bivalent genes between WT and *Utx*-null cells were not obviously changed, suggesting that reduced H3K27me3 levels in *Utx*-null cells did not increase expression levels (Supplementary Figure S3A--C). Decreased H3K27me3 levels in *Utx*-null mouse ESCs might result from reduced levels of the H3K27 methyltransferase Ezh1 (Supplementary Figure S3D). Nevertheless, these results indicate that UTX is essential for the resolution and activation of RA-inducible bivalent genes during RA-driven differentiation of mouse ESCs.

![UTX resolves the bivalency of many RA-inducible bivalent genes during RA-driven differentiation of mouse ESCs. (**A** and **C**) Comparison of average ChIP-Seq reads densities for H3K4me3 and H3K27me3 between RA-treated and untreated WT cells (A) and between RA-treated and untreated *Utx*-null cells (C). The average values of three biological replicates of the 637 RA-inducible bivalent genes (top), the rest of bivalent genes (middle) and non-bivalent genes (bottom) were plotted from -5K to 5K around the transcription start site (TSS). (**B** and **D**) ChIP-Seq enrichment profiles for H3K4me3 (first column) and H3K27me3 (second column) levels and for RA-induced changes in H3K4me3 (third column) and H3K27me3 (fourth column) levels in WT (B) and *Utx*-null (D) mouse ESCs. (**E**) Comparison of ChIP-Seq reads densities for H3K4me3 and H3K27me3 between RA-treated and untreated WT cells and between RA-treated and untreated *Utx*-null cells. The 316 RA-inducible bivalent genes downregulated by UTX loss were used.](gkv1516fig3){#F3}

UTX mediates the RA-induced resolution and activation of most bivalent *Hoxa--d* genes in mouse ESCs {#SEC3-3}
----------------------------------------------------------------------------------------------------

Several reports have reproducibly shown that most *Hoxa--d* cluster genes have RA-inducible bivalent promoters ([@B2]--[@B6]). Therefore, we chose the *Hoxa--d* cluster genes to determine the effect of UTX loss on bivalency resolution at specific promoters during RA-induced differentiation of mouse ESCs. We compared H3K4me3 and H3K27me3 ChIP-Seq peaks between WT and *Utx*-null V6.5 mouse ESCs in the presence or absence of RA. For the majority of *Hoxa--d* cluster genes in RA-treated (i.e. differentiated) WT cells, the H3K27me3 peaks were obviously reduced, and the H3K4me3 peaks were slightly enhanced (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). However, this bivalency resolution was impeded by UTX loss. Consistent with these ChIP-Seq results, the expression of the majority of the *Hoxa--d* cluster genes was at least 4-fold RA-induced in WT mouse ESCs but were much less RA-induced in *Utx*-null mouse ESCs (Figure [4C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}). For example, the expression of *Hoxa2, a3, a4, a5, a6, a7, a9, b1, b2, b4, b5, b6, b8* and *b9* among *Hoxa* and *Hoxb* cluster genes was highly RA-induced, and these RA-inducible genes had reduced H3K27me3 levels and slightly augmented H3K4me3 levels during the RA-driven differentiation. UTX loss drastically downregulated the RA-driven activation of these RA-inducible genes and inhibited their bivalency resolution (Figure [4A](#F4){ref-type="fig"} and [C](#F4){ref-type="fig"}).

![UTX loss blocks the RA-induced bivalency resolution and activation of most bivalent *Hoxa* and *Hoxb* genes in mouse ESCs. (**A** and **B**) ChIP-Seq density profiles for H3K27me3 (red) and H3K4me3 (blue) at the mouse *Hoxa*/*Hoxb* (A) and *Hoxc*/*Hoxd* (B) cluster genes. H3K4me3 and H3K27me3 levels at the *Hoxa*--*d* promoters in WT, RA-induced WT, *Utx*-null and RA-induced *Utx*-null V6.5 mouse ESCs were analyzed using ChIP-Seq. The vertical axis shows ChIP-Seq signals at a maximal value of 100. (**C** and **D**) Effect of UTX knockdown on RA-induced changes in expression levels of *Hoxa/Hoxb* (C) and *Hoxc*/*Hoxd* (D) cluster genes. mRNA levels of *Hoxa*--*d* cluster genes in WT, RA-induced WT, *Utx*-null and RA-induced *Utx*-null V6.5 mouse ESCs were analyzed using quantitative RT-PCR. Cells were treated with 0.2 μM RA. Data are presented as the mean ± SEM (error bars) of at least three independent experiments. \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 indicate statistically significant changes.](gkv1516fig4){#F4}

To confirm the above ChIP-Seq results, we assessed the effect of UTX loss on H3K27me3 and H3K4me3 levels at 4 RA-inducible bivalent genes (*Hoxa3, Hoxb2, Hoxc4* and *Hoxd4*) and 4 RA-non-inducible bivalent genes (*Hoxa10, Hoxb13, Hoxc10* and *Hoxd10*) by performing quantitative ChIP experiments. UTX loss in mouse ESCs significantly increased H3K27me3 levels at the 4 RA-inducible bivalent *Hox* genes but not the 4 RA-non-inducible bivalent genes (Figure [5A](#F5){ref-type="fig"}--[H](#F5){ref-type="fig"}). In contrast, UTX loss in mouse ESCs significantly decreased H3K4me3 levels at 2 RA-inducible bivalent *Hox* genes (*Hoxa3* and *Hoxb2*) (Figure [5A](#F5){ref-type="fig"} and [B](#F5){ref-type="fig"}) but did not affect those at the other two bivalent *Hox* genes (*Hoxc4* and *Hoxd4*) and the 4 RA-non-inducible bivalent genes (Figure [5C](#F5){ref-type="fig"}--[H](#F5){ref-type="fig"}). These ChIP results are consistent with the aforementioned ChIP-Seq results.

![UTX loss interferes with the RA-induced bivalency resolution in the RA-inducible bivalent genes *Hoxa3, Hoxb2, Hoxc4* and *Hoxd4* in mouse ESCs. Quantitative ChIP analysis was performed to analyze the effect of UTX loss on the RA-induced changes of H3K4me3, H3K27me3 and H3 levels at the *Hoxa3* (**A**), *Hoxb2* (**B**), *Hoxc4* (**C**), *Hoxd4* (**D**), *Hoxa10* (**E**), *Hoxb13* (**F**), *Hoxc10* (**G**) and *Hoxd10* (**H**) in RA-untreated and RA-treated WT V6.5 mouse ESCs as well as RA-untreated and RA-treated *Utx*-null V6.5 mouse ESCs. Cells were treated with 0.2 μM RA for 0 or 5 days.](gkv1516fig5){#F5}

Taken together, these results indicate that UTX is necessary for the resolution and activation of most RA-inducible bivalent *Hox* genes during the RA-driven differentiation of mouse ESCs.

UTX is required for the RA-induced resolution and activation of most bivalent *HOXA--D* genes in human NT2/D1 cells {#SEC3-4}
-------------------------------------------------------------------------------------------------------------------

We previously showed that UTX occupies *HOXA1--3* and *HOXB1--3* during RA-driven differentiation in human NT2/D1 cells ([@B15]), a well-studied neuron-committed cell line that undergoes neuronal differentiation upon RA treatment ([@B40],[@B41]). Thus, we sought to determine whether UTX is also required for the resolution of bivalent *HOXA--D* cluster genes in NT2/D1 cells. Our ChIP-Seq results showed that of 39 *HOX* cluster genes, 38, except *HOXA6*, had bivalent domains in NT2/D1 cells (Figure [6A](#F6){ref-type="fig"}; Supplementary Figure S4A and B). Then, we determined the effect of UTX knockdown on H3K4me3 and H3K27me3 levels in bivalent *HOX* genes (Supplementary Figure S4C and D). Most bivalent *HOX* genes were resolved during the RA-induced differentiation of NT2/D1 cells, but their resolution was blocked by UTX knockdown (Figure [6B](#F6){ref-type="fig"}; Supplementary Figure S5A). In line with this, UTX knockdown drastically inhibited the RA-driven activation of most RA-inducible *HOXA--D* cluster genes (Figure [6C](#F6){ref-type="fig"}; Supplementary Figure S5B). In addition, UTX knockdown impeded the RA-induced neuronal differentiation of NT2/D1 cells and the RA-induced expression of the neuron-related genes *NESTIN* and *N-OCT3* in NT2/D1 cells (Figure [6D](#F6){ref-type="fig"} and [E](#F6){ref-type="fig"}). To assess the importance of UTX\'s catalytic activity during the RA-induced differentiation of NT2/D1 cells and the targeting specificity of shUTXs, we performed a rescue experiment for UTX-depleted NT2/D1 cells. As shown in Supplementary Figure S6A--F, ectopic expression of WT UTX but not its catalytic mutant significantly restored differentiation morphologies and gene expression (*HOXA1, HOXA2, NESTIN* and *N-OCT3*) during RA-induced differentiation of UTX-depleted NT2/D1 cells. These results indicate that UTX and its catalytic activity are essential for the resolution and activation of most RA-inducible bivalent *HOXA--D* genes in NT2/D1 cells.

![During RA-driven differentiation of human NT2/D1 cells, UTX is responsible for the bivalency resolution and activation of most RA-inducible bivalent *HOXA* and *HOXB* genes. (**A**) ChIP-Seq density profiles of H3K27me3 (red) and H3K4me3 (blue) at the human *HOXA* and *HOXB* cluster genes in NT2/D1 cells. The vertical axis shows the coverage for histone methylation set at a maximal value of 100. (**B**) Effect of UTX knockdown on the RA-induced changes in H3K27me3, H3K4me3 and H3 levels at the *HOXA* and *HOXB* cluster promoters in NT2/D1 cells. shLuc- or shUTX-6-treated cells were cultured in media containing 10 μM RA for 0 or 4 days. Chromatin levels for histone marks were analyzed using a quantitative ChIP assay. PCR values for each time point were normalized to input. The relative occupancy represents the fold change in chromatin levels from day 0 to day 4 (4d/0d). (**C**) Effect of UTX knockdown on the RA-induced changes in the expression levels of *HOXA* and *HOXB* cluster genes. shLuc- or shUTX-6-treated NT2/D1 cells were incubated with 10 μM RA for 0 or 6 days. mRNA levels were analyzed using quantitative RT-PCR. Data are presented as the mean ± SEM (error bars) of least three independent experiments. \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 indicate statistically significant changes. (**D** and **E**) Effect of UTX knockdown on morphological changes (D) and activation of *NESTIN* and *N-OCT3* gene (E) during the RA-induced differentiation of NT2/D1 cells. UTX was depleted using shUTX-4 and shUTX-6 in NT2/D1 cells. Cells (2--5 × 10^4^) were seeded and treated with 10 μM RA for 0 or 6 days. Cell differentiation patterns were monitored using a microscope. Representative microscopy images of three independent experiments are shown (magnification 40X). Expression levels of *NESTIN* and *N-OCT3* gene were measured by quantitative RT-PCR.](gkv1516fig6){#F6}

UTX is recruited to most RA-inducible bivalent *Hox* genes during RA-induced differentiation of mouse ESCs and human NT2/D1 cells {#SEC3-5}
---------------------------------------------------------------------------------------------------------------------------------

As described above, UTX loss in mouse ESCs highly downregulated the RA-driven activation of most RA-inducible bivalent *Hox* genes. In the cases of the *Hoxa* and *Hoxb* cluster genes, the expression of all RA-inducible bivalent genes (i.e. *Hoxa2, a3, a4, a5, a6, a7, a9, b1, b2, b4, b5, b6, b8* and *b9*) was drastically downregulated by UTX loss, whereas expression of RA-non-inducible bivalent genes (*Hoxa1, a10, a11, a13, b3, b7* and *b13*) was not or only weakly downregulated by UTX loss (Figure [4C](#F4){ref-type="fig"}). Similarly, UTX knockdown downregulated most RA-inducible *HOX* genes but did not downregulate RA-non-inducible *HOX* genes in human NT2/D1 cells (Figure [6C](#F6){ref-type="fig"}). For instance, among human *HOXA* and *HOXB* cluster genes, *HOXA1, A2, A3, A4, A6, A7, A9, B1, B3, B4, B5, B6, B7* and *B13* (but not *HOXA5, A10, A11, A13, B2, B8* and *B9*) were downregulated by UTX depletion.

To understand how UTX selectively activates certain *Hox* genes, we determined to which *Hox* genes UTX is recruited during the RA-driven differentiation of both mouse ESCs and human NT2/D1 using quantitative ChIP assay. Our results showed that UTX was recruited to most RA-inducible *Hoxa--d* genes (e.g. *Hoxa2, a3, a4, a5, a6, a7, a9, b2, b4, b5, b6, b8* and *b9*) during RA-induced differentiation of mouse ESCs (Figure [7A](#F7){ref-type="fig"}). In addition, UTX occupancy was increased at other 24 RA-inducible bivalent genes, including pattern specification and organ morphogenesis genes (*Bmi1, Fgfr2, Irx5, Fst, Kif3a* and *Foxc2*), developmental genes (*Wnt4, Wnt6* and *Robo3*), neuronal genes (*Gria2*), transcription factor genes (*Gata3* and *Nr2f2*) and homeobox protein genes (*Meis1, Onecut2* and *Irx5*) (Figure [7B](#F7){ref-type="fig"}). In contrast, UTX occupancy was not changed at RA-non-inducible *Hox* genes (e.g. *Hoxa1, a10, a11, a13, b7* and *b13*) (Figure [7A](#F7){ref-type="fig"}). Similarly, UTX was recruited to most RA-inducible *HOX* genes during RA-driven differentiation of NT2/D1 cells (Figure [8A](#F8){ref-type="fig"}). These results indicate that the recruitment of UTX to specific RA-inducible bivalent genes, including *Hox* genes, is primarily responsible for the selective activation and resolution of such genes.

![UTX recruitment is associated with bivalency resolution in most RA-inducible bivalent *Hox* genes during RA-driven differentiation of mouse ESCs. (**A** and **B**) Quantitative ChIP analysis of the promoter occupancy of UTX and H3 at the *Hoxa*--*d* cluster genes (A) and at other 24 RA-inducible bivalent genes (B) in RA-untreated and RA-treated WT V6.5 mouse ESCs. Cells were treated with 0.2 μM RA for 0 or 5 days.](gkv1516fig7){#F7}

![UTX recruitment is linked to bivalency resolution in most RA-inducible bivalent *HOX* genes during RA-driven differentiation of human NT2/D1 cells. (**A**) Quantitative ChIP analysis of the promoter occupancy of UTX and H3 at the *HOXA*--*D* cluster genes in RA-untreated and RA-treated WT NT2/D1 cells. NT2/D1 cells were treated with 10 μM RA for 0 or 4 days. The relative occupancy is the fold change in chromatin levels at the day 4 over day 0. PCR values for each time point were normalized to input. Data are presented as the mean ± SEM (error bars) of least three independent experiments. \**P* \< 0.05 and \*\**P* \< 0.01 indicate statistically significant changes. (**B**) A hypothetical model of UTX as a bivalency-resolving demethylase necessary for RA-induced differentiation of mouse ESC cells.](gkv1516fig8){#F8}

DISCUSSION {#SEC4}
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In the present study, we show that UTX plays an essential role in resolving and activating many RA-inducible bivalent genes during the RA-driven differentiation of mouse ESCs treated with a physiologically relevant RA concentration (0.2 μM) (Figure [8B](#F8){ref-type="fig"}). Moreover, we demonstrated that the UTX-mediated resolution and activation of many RA-inducible bivalent *HOX* genes occur during RA-driven differentiation of human NT2/D1 cells. Furthermore, we showed that UTX loss and UTX knockdown interfered with the RA-induced differentiation of mouse ESCs and human NT2/D1 cells, respectively. Therefore, our findings indicate that the UTX-mediated resolution and activation of many RA-inducible bivalent genes, including numerous *Hoxa--d* cluster genes, are required for RA-driven differentiation of mouse ESCs and human NT2/D1 stem cells. These results are in line with our recent study showing that UTX recruitment at p53/OCT4/NANOG target genes, such as bivalent *HOXA1* and *HOXA2* promoters, is accompanied by gene activation and H3K27me3 reduction during the RA-induced differentiation of human ESCs ([@B42]).

Consistent with our findings showing that UTX is necessary for bivalency resolution and proper cellular differentiation, UTX is critical for developmental and aging processes, including sex-specific embryogenesis ([@B16],[@B43]), cardio-genesis ([@B17]), muscle development ([@B18]) and aging ([@B19]). For example, *Utx*-deficient female mice show the complete embryonic lethality, and *Utx*-deficient male mice display the high percentage of lethality ([@B16]), as aforementioned. In addition, *UTX* is mutated in genetic diseases and multiple types of cancer ([@B44]). For instance, haploinsufficiency of *UTX*, which often results from nonsense and frameshift mutations of *UTX*, is associated with Kabuki syndrome, a rare congenital syndrome with a multiple malformation disorder and mental retardation ([@B45],[@B46]).

During bivalency resolution, H3K27me3 must be removed by an H3K27 demethylase. In addition to UTX, H3K27 demethylases include JMJD3 and UTY ([@B15],[@B47]--[@B51]). Although it was initially documented that UTY may not have a demethylase function ([@B43]), it was later reported that UTY may have a weak H3K27 demethylation activity ([@B52]). However, UTY may not be a general bivalency-resolving H3K27 demethylase because it is a male-specific protein whose encoding gene is on the Y chromosome. Similar to UTX, JMJD3 is recruited to specific developmental genes during differentiation ([@B53]). Therefore, JMJD3 can be considered to be a candidate to demethylate H3K27me3 in bivalent promoters. Given the notion that UTX loss did not affect the RA-induced activation of bivalent genes in mouse ESCs at a high RA concentration (i.e. 1 μM) ([@B16]), it can be speculated that at such a high RA concentration, JMJD3 may be recruited to bivalent genes and compensate for the effects of UTX loss on the RA-induced activation of bivalent genes. However, the RA-induced resolution and activation of most bivalent *Hoxa--d* genes still occur in UTX- and JMJD3-null mouse female ESCs treated with 1 μM RA ([@B54]). Because the known H3K27 demethylases UTX, JMJD3 and UTY are deficient in these cells, it is possible that the resolution and activation of most bivalent *Hoxa--d* genes at a high RA concentration are mediated by a different mechanism, including a yet-to-be identified H3K27 demethylase that is also suggested by Shpargel *et al*. ([@B54]).

We also found that H3K4me3 levels were slightly increased during the bivalency resolution of RA-inducible bivalent genes. We and others previously provided evidence that UTX and the H3K4 methyltransferase MLL4 (also known as KMT2D and ALR) form a stable multi-protein complex ([@B15],[@B55]--[@B56]). Our additional study showed that UTX interacts with a C-terminal region of MLL4 ([@B57]). We have also shown that MLL4 can catalyze mono-, di- or trimethylation at H3K4 ([@B20]), although MLL4 may preferably monomethylate and dimethylate H3K4 ([@B58],[@B59]). Interestingly, MLL4 in the presence of its cofactors, such as WDR5, RbBP5, Ash2L and Dpy-30, trimethylates H3K4 ([@B60]). Thus, we speculate that during bivalency resolution, MLL4 may generate H3K4me3 while UTX demethylates H3K27me3.

Recently, Marks et al. reported that mouse ESCs maintained in two kinase inhibitors (2i)/LIF-containing media in the absence of serum had about 1000 bivalent genes that are substantially fewer than the 3000--4000 bivalent genes initially reported ([@B6]). This difference results from reduced H3K27me3 levels in 2i/LIF-cultured mouse ESCs. Thus, the role of bivalency in pluripotent cells and their differentiation is somewhat controversial ([@B10],[@B61]). However, some have argued that because many bivalent genes' H3K27me3 signals, although higher than those of active genes, fall below the computational threshold, such bivalent genes might be categorized as monovalent genes in 2i/LIF-cultured mouse ESCs ([@B10]). In addition, although there may be fewer bivalent promoters than initially reported, numerous critical differentiation-specific genes, including most *Hoxa--d* cluster genes, still belong to RA-inducible bivalent genes even in 2i/LIF-cultured mouse ESCs ([@B6]). Notably, our results indicate that UTX plays a crucial role in the bivalency resolution and activation of most RA-inducible bivalent *Hox* genes during the RA-driven cellular differentiation. Moreover, UTX-mediated resolution of bivalency, although less critical for early embryo development ([@B54]), may be important for other stages of animal development, because many UTX-resolved bivalent genes, including the *Hoxa--d* cluster genes ([@B62],[@B63]), are necessary for proper animal development (Figure [2C](#F2){ref-type="fig"}). Consistent with this, *Utx* knockout resulted in developmental defects, such as embryonic lethality ([@B16]) and defective cardiogenesis ([@B17]). Therefore, we are in favor of the notion that bivalency and its resolution are critical for stem cell differentiation and animal development.
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